Neutron energy and time-of-flight spectra were measured behind the lateral shield of the electron beam dump at the Final Focus Test Beam (FFTB) facility at the Stanford Linear Accelerator Center. The neutrons were produced by a 28.7 GeV electron beam hitting the aluminum beam dump of the FFTB which is housed inside a thick steel and concrete shield. The measurements were performed using a NE213 organic liquid scintillator behind different thicknesses of the concrete shield of 274 cm, 335 cm, and 396 cm, respectively. The neutron energy spectra between 6 and 800 MeV were obtained by unfolding the measured pulse height spectrum with the detector response function. The attenuation length of neutrons in concrete was then derived. The spectra of neutron time-of-flight between beam on dump and neutron detection by NE213 were also measured. The corresponding experimental results were simulated with the FLUKA Monte Carlo code. The experimental results show good agreement with the simulated results. 
INTRODUCTION
High-energy electron accelerators are widely used for high-energy physics research, synchrotron radiation applications and many other purposes. They produce neutrons through photonuclear reactions of bremsstrahlung photons generated in targets, beam stops, collimators, etc. Information on high-energy neutron spectra initiated by high-energy electrons is indispensable for the radiation safety and shielding design at high-energy electron accelerator facilities due to the strong penetrability of high-energy neutrons. There are a few recent publications reporting neutron spectra behind thick shields for high-energy proton accelerators [1] [2] [3] . However, to our knowledge only one experimental data set of neutron spectra outside thick shields at a high-energy electron ac-celerator [4] has so far been published, and these are reported as preliminary results.
In this study the high-energy neutron spectra between 6 and 800 MeV behind the lateral shield of a 28.7 GeV electron beam dump were measured at the Final Focus Test Beam (FFTB) facility [5] at the Stanford Linear Accelerator Center (SLAC). The measurements were performed using a NE213 organic liquid scintillator behind thick concrete shields that were placed outside the fixed steel and concrete shield of the FFTB housing. The NE213 detector has a much better energy resolution than a conventional Bonner sphere spectrometer which allows the energy spectra to be determined more accurately and with less dependence on the initial guess during the spectrum unfolding process.
The neutron energy spectra and time-of-flight (TOF) spectra were obtained by unfolding the measured pulse height data, and by using the start signals from the muon scintillator placed down beam of the dump, respectively. The experimental results were also simulated with the FLUKA Monte Carlo code [6, 7] . Details of the simulations are described elsewhere [8] .
EXPERIMENT
The measurements were performed during the period from June 14 to June 23, 2001 using the 28.7 GeV electron beam at the FFTB facility that was extracted from the SLAC linear accelerator at repetition rates of 10 to 30 Hz.
The number of electrons in each beam pulse was monitored with a Toroid Charge Monitor (TCM). The beam intensity was varied from 2 × 10 9 to 5 × 10 9 electrons/pulse in order to minimize pulse pile-up in the detector. To measure the energy and time-of-flight spectra of neutrons produced in the beam dump, a NE213 detector of 12.7 cm diameter and 12.7 cm thickness was placed about 36 cm from the concrete floor in a hutch at 90 degrees with respect to the beam direction behind the steel and concrete shield walls. The detector is coupled with a R4144 photomultiplier connected to an E1458 base (Hamamatsu Photonics Co. Ltd.), which is designed to expand the dynamic range of output pulses for high-energy neutron measurements [9] . The muon scintillator, which is a 0.625 cm thick by 10.16 × 30.48 cm 2 plastic scintillator coupled with a RCM8575 photomultiplier, was set in the muon shield at 335 cm distance to the outer shield surface in order to use it as the event trigger and for start signals of the TOF measurements. The measurements were performed with added concrete shielding of three different thicknesses of 91, 152, and 213 cm between the fixed wall and the detector. Thus, the total thicknesses of concrete shield are 274, 335, and 396 cm, respectively. The results can be used to investigate the attenuation profile and the equilibrium spectra. Table 1 shows for each shield thickness, the beam intensity and total electron numbers incident on the beam dump during each measurement. Table 1 also gives the total counts above the threshold (set at 3 MeVee as described below)
per beam pulse, the fractions of pile-up events and neutron events relative to total events, expressed as percent. The fraction of pile-up events is rather large, 24 % for the 91-cm thick added concrete, and decreases with increasing shield thickness. Thus, a correction for pile-up events is necessary and was made as described later. Figure 4 shows the electronic circuit, which is simplified from the actual electronic circuit for clarity. The output signal of the muon scintillator was used as the event trigger and as the start signal of time-to-digital converter (TDC) for TOF. The integrated charges of the "total" and "slow" (decay) components of the signals from the NE213 detector were measured by the charge analogto-digital converter (QDC) to distinguish between neutrons and gamma rays, the so-called neutron-gamma pulse-shape discrimination. To obtain the total and slow light output pulse components, the total gate width was set at 200 ns during which the entire signal is integrated. The slow gate start is delayed 30
ns from the peak of the output signal and the width is also 200 ns. The output pulses from the NE213 were also used as stop signals of the TDC for TOF.
The time difference between the pulses of the muon scintillator and the NE213 detector, which represents the difference between the beam-on-dump time and the particle detection time , was also measured for comparison with the simulation with the FLUKA Monte Carlo code [8] . All of these processes were controlled by the KODAQ data-acquisition system (Kakuken Online Data Acquisition System) [10] .
The linearity of the TCM was checked with a special calibration module at various times during the experiment. Figure 5 shows the excellent linearity of the TCM as an electron beam monitor.
DATA ANALYSIS
The neutron events were separated from the gamma-ray events by using twodimensional graphical plots of total and slow pulse components of the NE213 detector as shown in Fig. 6a . Pile-up events were also eliminated using Fig. 6a. Fig. 6b shows the cross-sectional view of slow pulse components at two total pulse heights, A and B, which allows clear identification and discrimination of the gamma-ray and neutron events. The fraction of pile-up events is larger for thinner (91 cm thick) additional concrete shield, because of higher counting rates, as shown in Table 1 . The fraction of neutron events does not change much with changing shield thickness as seen in Table 1 . As a first approximation, all the pile-up events were assumed to consist of two pulses (neutron-neutron, neutron-photon, or photon-photon). Thus, the absolute values of neutron pulse counts were multiplied simply by the following pile-up correction factor, F:
where Nn, Ng, and Np are the counts of neutron, gamma-ray, and pile-up events. The F values obtained are shown in Table 1 . For 91 cm thick added concrete, the pile-up correction factor of 1.64 is quite large.
When charged particles produced by neutron interactions in the scintillator (mainly recoil protons by the H(n,n)p elastic collision) escape from the NE213 detector without complete energy loss, the pulse shapes of high-energy neutron events become close to those of gamma-ray events, the so-called "wall effect".
Since it is not possible to discriminate between the gamma-ray events and the escaping charged particle events, both types of events were removed from the neutron events. Therefore, the response functions of the NE213 detector must also exclude the light outputs caused by escaping charged particles, which have been determined experimentally in the neutron energy range from 6 MeV (corresponding to 3 MeVee, as given in Ref. [9] ) to 800 MeV by Sasaki et al. [12] .
The light output data in each channel are converted into the light output unit was used.
The neutron energy spectrum was obtained with the unfolding technique using the FORIST code [13] and response functions for neutrons from 6 to 800 MeV [12] . In the analysis the threshold of the light output pulses was set to 3
MeVee corresponding to the threshold of the response function. In addition, the window function in the FORIST code was adjusted to obtain a reasonable convergence by varying the energy resolution valuesbetween 10 % and 200 %. MeVee, is given by the Cecil code [14] , which is accurate to within 10 to 15 % up to the neutron energy of several hundreds of MeV [15] . Note that, in this experiment, the absolute time reference for TOF was not established. Therefore, the measured TOF spectra were arbitrarily shifted to match the peaks of the calculated TOF spectra. The agreement in the shapes of TOF spectra between experiment and calculation is acceptable, especially for the 274 cm thickness,. The longer tails for larger TOFs in the measured distributions could be due to the time resolution of the measuring circuit. The measured TOF spectrum for the 335 cm shield shows a small peak at very low TOF that is not seen in the calculation. This spurious peak might come from a small contribution to the neutron events that are produced by beam loss on a collimator (see Fig. 1 ), which is located upstream of the FFTB beam dump. Figure 8 gives the light output distribution of total pulse components for events without pile-up correction for the three different concrete shield thicknesses.
RESULTS AND DISCUSSION
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The solid lines are total events before neutron-photon discrimination, and the dots are only neutron events above 3 MeVee threshold. In Fig. 9 In the energy region above 200 MeV the measured energy spectra are lower than the calculated spectra. This could be in part due to very poor statistics of detected counts and also due to the poor accuracy of the response function of the NE213 detector [12] caused by low neutron detection efficiency in the high-energy region. For the 274 cm shield, the pile-up corrected measured spectrum gives a somewhat smaller value than the calculated spectrum in the energy region around 20 MeV. This underestimation may partly come from the larger contribution of the pile-up events, which could not be completely corrected as described before.
Attenuation Profiles of Neutron Flux and Ambient Dose Equivalent
From the energy spectra shown in Fig. 9 the total neutron fluences integrated between 6 MeV and 800 MeV for the measured (unfolded) energy spectra and between 6 MeV and 885 MeV for the calculated spectra were obtained. Table 2 shows the comparison between experimental (E) and calculated total fluences (C) together with the ratios of the two values. The measured fluence result for 274 cm thick concrete is 30 % lower than the calculated result due to the relatively large fraction of pile-up events, but for 335 and 396 cm thick concrete, the agreement between experiment and calculation is excellent.
The measured and calculated ambient dose equivalents above 6 MeV were obtained by multiplying the pile-up corrected energy spectra and the calculated spectra with the fluence-to-ambient dose equivalent conversion factor given in ICRP Publ. 74 [16] up to 200 MeV. At higher energies a constant value (the value for 200 MeV) is assumed. These results are also shown in Table 2 . Similar a the total fluence, the measured dose equivalent result for 274 cm thick concrete is 34 % lower than the calculated result. However, for 335 and 396 cm thick concrete, the agreement between experiment and calculation is again very good. The measured and calculated ambient dose equivalents multiplied by the square of the distance between the center of the dump and the detector are shown in Fig. 10 as a function of total concrete shield thickness in g/cm 2 (concrete density of 2.35 g/cm 3 ). Also shown in Fig. 10 is a transmission curve calculated with the widely used analytical formula given by Jenkins [17] .
The measured and FLUKA-calculated attenuation lengths λ φ (g/cm2) of neutron fluences above 6 MeV and λ D (g/cm2) of neutron ambient dose equivalents above 6 MeV in concrete were obtained by a least squares fit to the three measured data points shown in Table 2 and neutron TOF spectra were also compared. This provides an unique and efficient benchmark that avoids the ambiguities of unfolding techniques that are present in comparisons of energy spectra. These experimental data will be a good benchmark for deep penetration of high-energy neutrons through a concrete shield for high-energy electron accelerator facilities and for checking the accuracy of transport codes and analytical formulas used in shielding design.
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